In the present study, the surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) techniques were employed to kinetically evaluate the binding affinity of a new recombinant chimeric protein (CP10) toward anti-Leishmania infantum antibodies for the immunodiagnostics of the visceral leishmaniasis (VL). This chimeric protein was formed by the union in a same artificial coding DNA of ten different peptides, which showed themselves reactive toward positive canine serum for VL. Using the CP10 in enzyme-linked immunosorbent assays (ELISA), it was possible to detect 80% of the asymptomatic infected dogs. After this, SPR and QCM immunosensors were constructed by the covalent immobilization of the CP10 on a self-assembled monolayer (SAM) formed by adsorption of alkanethiol on gold substrates. The thickness (6.80 nm) and the refractive index (1.475) of the protein on the SAM were simultaneously determined through SPR curves measured in different wavelengths (670 and 785 nm 
INTRODUCTION
Leishmaniases are infectious diseases caused by parasites of the genus Leishmania [1, 2] . The World Health Organization refers to the Leishmaniases as one of the main parasitosis in which about 2 million individuals are infected annually in approximately 98 different countries. Therefore, Leishmaniases consist of a serious problem of public health [3] .
According to the species of Leishmania and the humoral response developed by the infected individual, there are some clinical manifestations of the disease that can lead to the cutaneous, mucous or visceral complications. Taking into consideration these manifestations, the leishmaniasis are divided in tegumentary leishmaniasis (TL) and visceral leishmaniasis (VL) [4] . Among these, the VL (known as "calazar" in humans) is the most grave form, which presents high mortality rate in infected individuals with no access to adequate treatment. Typical symptoms of the VL are fever, weight loss, splenomegaly, hepatomegaly, lymphadenopathy and anemia [5, 6] . The etiological agent of the VL is a protozoan parasite of the genus Leishmania. The species most found in the Americas is the Leishmania infantum (Leishmania chagasi) and the most frequent form of transmission of the disease occurs by the bite of female sandflies [7] . In the American continent, the VL is determined as a zoonosis in which the dog and/or other canidae have the role of reservoir of the disease [8, 9] .
The diagnosis of the VL is performed mainly by serological methods, since the humoral response in the VL is generally very intense with high levels of specific immunoglobulins. Apart from this, these tests avoid the use of invasive methods. The most employed serological assays in the diagnosis of VL are the enzyme-linked immunosorbent assay (ELISA) and the indirect immunofluorescence antibody test (IFAT) [10, 11] . However, these tests present limitations like, such as low sensitivity for the detection of asymptomatic cases and the existence of cross-reactivity with other diseases [12, 13] . One of the factors that contribute significantly for these limitations is the antigenic form employed in these assays. In general, the crude antigens or their soluble extracts are still used in these immunodiagnostics [14] .
Recent works give evidence that the use of synthetic peptides and recombinant antigens instead of the use of crude antigens improves the specificity of the diagnosis tests of the VL, decreasing significantly the number of cross-reactivity with other diseases. However, despite the progresses reached in these last years, the 100 % effective diagnosis of the VL is still a challenge. In this sense, a great motivation to bypass the limitations of the conventional assays of the VL consists in the production of new antigens, including chimeric proteins to be tested in immunodiagnostics [15, 16] . In the recent work published by Faria et al. [17] , 10 peptides originating from 9 different proteins of Leishmania infantum were demonstrated, and showed themselves as promising antigens to be employed in the diagnosis of the canine visceral leishmaniasis (CVL). This encouraged them to assemble these 10 peptides in a sole artificial coding DNA producing a recombinant chimeric protein, which shall be called CP10 (recombinant chimeric protein) here. Among the results obtained for this protein in immunoassays, the capacity of the CP10 to identify asymptomatic dogs (80%) was demonstrated, which is very expressive due to the difficulty in the detection of these cases by antigens already well documented in the literature [12, 13] .
In this context, techniques such as the Surface Plasmon Resonance (SPR) and the Quartz Crystal Microbalance (QCM), which permit the evaluation of bonds between biomolecules in real time and without the necessity of markers, are central tools in the elucidation of processes of biological nature [18] [19] [20] .
The principle of signal transduction of the most used SPR sensors is based on the Attenuated Total Reflection method (Kretschmann configuration). In this configuration, when a light beam (monochromatic light, for example laser) passes through a prism and reaches a metal surface (usually gold), the excitation of surface plasmons can occur. At certain angles of incidence, the free electrons of the metal absorb energy of the incident radiation resulting in an evanescent electromagnetic field due to the formation of surface plasmon waves (SPW), which propagate parallel to the interface of the metal with the dielectric medium. In conditions of maximum coupling between the incident radiation and the SPW the angle of incidence is called the surface plasmon resonance (θ SPR ) angle. Thus, changes near the interface metal/environment promote a change in the resonance conditions of the system. As a result, a shift in the θ SPR occurs.
In turn, the acoustic wave sensors that operate by QCM are capable of monitoring surface events similar to the SPR, although the principles of transduction of these techniques are completely different. In QCM sensors, when a piezoelectric crystal is pressed, it deforms as a result of the rearrangement of their crystal lattice, inducing opposite charges on their faces. Consequently, an electric field is generated, which induces a vibrational movement in the crystal, establishing an acoustic transverse wave that propagates through the crystal. Then, a displacement of the atoms on the surface of the crystal occurs. If a material is deposited on the surface of the crystal, a reduction in the oscillation frequency occurs.
In this sense, SPR and QCM techniques allow to obtain information on the rate and the extent of adsorption, determination of dielectric properties, kinetic of association and dissociation, as well as affinity constants for specific interactions [18] . Therefore, the aim of the present work was to use the SPR and QCM techniques to elucidate the kinetics of the interaction between this recombinant protein (CP10) and its specific immunoglobulins G (anti-CP10 antibodies) for the quantitative evaluation of the immunogenic character of the CP10.
For this purpose, SPR and QCM immunosensors were developed through the formation of a self-assembled monolayer (SAM) on a gold substrate (SAM/Au), followed by the immobilization of the CP10 on the SAM (CP10/SAM/Au). Important information regarding the thickness (d) and the refractive index (n) of the CP10/SAM/Au were determined simultaneously by the SPR using the method based on the measurement at multiple wavelengths. The kinetic parameters obtained by the SPR and QCM techniques demonstrate a high binding affinity of the CP10 toward the anti-CP10 antibodies, quantitatively proving the strong immunogenic character of this new recombinant chimeric protein. In addition, the low limits of detection found by SPR and QCM reflected in high sensitivities of these immunosensors for a detection which is fast and free from marks of specific antibodies of the VL.
MATERIAL AND METHODS

Reagents and Chemicals
The 11-mercaptoundecanoic acid (11-MUA); N-(3 dimethylamino-propyl)-N-ethylcarbodiimidehydrochloride (EDC); N-hydroxysuccinimide (NHS); 4-(2-hydroxyethyl) piperazine-1-ethanesulphonic acid (Hepes); potassium ferricyanide (III); tween-20 (surfactant P20); and ethanolamine (EA) were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA). Ethylenediamine tetraacetic acid (EDTA); KCl; KOH; ethanol (99 %); and monobasic sodium phosphate were obtained from LabSynth LTDA (SP, Brazil). NaCl was purchased from J. T. Baker Chemicals® (Xalostoc, Mexico). The cysteamine ethanolic solution and aqueous solutions of EA and of the EDC / NHS mixture were prepared before use. The HBS-EP buffer solution at pH 7.4, which was used for biological sample dissolution and in the SPR analyses, was prepared using a mixture of 10.0 mmol.L -1 Hepes at pH 7.4, 150.0 mmol.L -1 NaCl, 3.0 mmol.L -1 EDTA at pH 8.0 and 0.005 % tween-20. Deionized water purified and obtained from a Milli-Q system Millipore, was used for the preparation of the solutions.
Apparatus
Electrochemical measurements were performed using an AUTOLAB PGSTAT 128N Potentiostat/Galvanostat (Eco Chemie B. V., The Netherlands) coupled to a PC microcomputer with the NOVA 1.10 software. An electrochemical cell with a maximum capacity of 10 mL, an Ag/AgCl electrode (KCl 3.0 mol.L -1 ) as the reference electrode, a platinum wire as the auxiliary electrode and a gold film (0.0314 cm 2 ) as the working electrode were used for these measurements. The experiments were performed at room temperature. For the electrochemical impedance spectroscopy measurements (EIS), a sinusoidal potential modulation of 10 mV amplitude was superimposed on a fixed d.c. potential, and the amplitude and phase angle of the resulting current were recorded at frequencies ranging from 100 kHz to 0.1 Hz.
To evaluate in real time the immobilization of the CP10 and the antigen-antibody interaction, measurements were performed by SPR and QCM. To kinetically evaluate the interaction between the biomolecules, the software Trace Drawer, version 1.5 (Oy BioNavis Ltd., Tampere, Finland) was used. Typically, the experiments (23 ± 1 ºC) were con-ducted in HBS-EP buffer solution at pH 7.4 at a flow rate of 48 µL/min. For the measurements of QCM, a 6 MHz AT-cut polished crystal containing an adhesion sublayer of 10 nm of TiO 2 and a deposit of 100 nm of Au (Metrohm-Autolab, Utrecht, The Netherlands) was used. The crystal was inserted in an appropriate polypropylene cell with a maximum volume of 3 mL and fixed with the help of two o-rings. Only one of the faces of the crystal (0.361 cm 2 ) was used. The SPR measurements were performed using an Autolab Spirit instrument (Eco Chemie B. V., Ultrech, The Netherlands). The optical system consisted of a glass prism and a planar gold SPR disk, which were both obtained from Xantec Bioanalytics (Muenster, Germany). The equipment has a laser diode with a wavelength fixed at 670 nm. This system is equipped with a cuvette, and its operation mode is based on the Kretschmann configuration.
For the simultaneous determination of the thickness (d) and the refractive index (n) of the CP10 immobilized on the SAM/Au, another SPR called MP-SPR (multiparametric surface plasmon resonance) was employed (Oy BioNavis Ltd., Tampere, Finland). This equipment possesses two channels, each one having a pair of lasers with wavelengths fixed at 670 and 785 nm. An optical fitting software (Winspall, version 3.02) to model the SPR peaks in both wavelengths was used for the determination of the parameters d and n of the CP10 on the SAM/Au. The transduction principle of the MP-SPR is also based on the Kretschmann configuration.
Recombinant Chimeric Protein -CP10
A multi-epitope synthetic coding DNA was designed. For this, were joined 10 coding sequences from antigenic peptides [17] , resulting in the CP10. A flexible linker coding sequence (Gly-Ser-Gly-Ser-Gly) was used as a spacer between the epitope sequences [21] . NdeI and NotI restriction sites were added to the 5' and 3' ends, respectively, of the artificial coding DNA to aid in cloning. A 6xHIS tag coding sequence was added upstream of the stop codon for further affinity purification of the recombinant protein. The CP10 synthetic coding DNA consisting of 578 base pairs was commercially synthesized by Genscript, USA.
The artificial coding DNA was cloned in the NdeI and NotI restriction sites of a pET9a24a expression vector, resulting in pET-CP10. A recombinant plasmid was used to transform an E. coli C41 strain and the protein expression was carried out by the overnight inoculation of 500 mL of a Luria Bertani medium containing 0.05 mg/mL of kanamycin. This suspension was incubated on a rotary shaker (200 rpm) at 37 o C. When the culture reached an optical density of 0.6 at 600 nm, it was induced with 0.5 mmol.L -1 IPTG (isopropyl-β-Dthiogalactopyranoside). The expression was performed for 4 h at 37 °C, and then the cells were lysed by five passages through a homogenizer (EmulsiFlexTM C3). Next, the recombinant proteins were purified using a 5 mL HIS-Trap column (GE Healthcare Life Sciences) attached to an ÄKTA Prime chromatography system (GE Healthcare Life Sciences).
Aliquots of the purified protein (10 mg) were applied on a polyacrylamide gel (12%) which was transferred to a nitrocellulose membrane (Amersham Hybond ™, pore 0,2um -GE Healthcare) at 30V for 50 min. Afterward, a western blotting employing the Western Breeze™ Chromogenic Western Blot Immunodetection kit (Life™) was performed. Following this, the purified proteins by affinity chromatography were collected in elution buffer (0.5 mol.L -1 NaCl, 0.5 mol.L -1 imidazole, 8 mol.L -1 urea and 1.0 mmol.L -1 β-mercaptoethanol). Then, the sample was inserted in a dialysis membrane with pores of 12400 Da (Sigma-Aldrich, St. Louis, MO, USA). On the first day, the membranes were placed in Milli-Q water, performing the exchange of the water after 4 hours. After that, the water was exchanged for PBS buffer 0.15 mol.L -1 pH 7.4 [0.2 g KH 2 PO 4 , 5.0 g Na 2 HPO 4 , 4.2 g NaCl, qsp 500 ml H 2 O], which was left 16-18h in contact with the membrane. On the second day, the PBS buffer was replaced and left in contact with the membrane for 8 h. The samples were then lyophilized in unit Liotop model K105 during 24h. Then, aliquots consisting of different amounts of CP10 dissolved in HBS-EP buffer solution at pH 7.4 were frozen at -80ºC until the use.
Production of Specific IgGs for the CP10
The polyclonal serum of rabbits was obtained by the inoculation of 200 µg of CP10 in a male adult rabbit, of the breed New Zealand. Before the first inoculation, a sample of blood was taken as the pre-immune control, from the ear of the animal by venipuncture. The procedures were carried out in conformity with the Ethics Committee in the Use of Animals (Ethics Committee in the Use of Animals /Federal University of Minas Gerais), having obtained approval under the protocol number 161 / 2013.
After the first immunization, consecutive immunizations were performed in intervals of 15 days (total of 5 immunizations). One week after the last immunization, the bloodletting of the animals by cardiac puncture was carried out, in which 60 mL of the blood of the animal were collected [22] . After the immunization, the samples were centrifuged and the serums obtained were purified by affinity chromatography, in relation to the G and A proteins. Afterward, assays of ELISA were performed using the CP10 for the determination of the molar concentration of the specific IgGs to CP10, obtaining a purified concentration of 1.3 mg/mL (6.78 µmol.L 
Construction of the SPR and QCM Immunosensors
Both the SPR and QCM substrates were cleaned in piranha solution (1:3 mixture of 30 % H 2 O 2 and concentrated H 2 SO 4 ) for approximately 3-5 minutes, followed by the immersion of each one in acetone (5 minutes) and then in isopropyl alcohol (5 minutes). Afterward, the substrates were washed several times with deionized water and dried with a pure N 2(g) flow.
A SAM was formed on the SPR and QCM substrates by the adsorption of 11-mercaptoundecanoic acid (11-MUA) on the gold surfaces from an ethanolic solution (1.0 mmol.L -1 ) during 24 hours. Then, the SAM/Au formed was copiously washed with ethanol and dried with a pure N 2(g) flow. Then, the terminal carboxyl groups of the SAM were activated by the addition of an aqueous solution containing EDC (150 mmol.L -1 ) and NHS (100 mmol.L -1 ) for approximately 10 minutes for the formation of the NHS-ester groups. After this, the substrates were washed several times with deionized water and dried with pure N 2(g) .
For the construction of the SPR and QCM immunosensors, the recombinant protein was bonded on the SAM/Au previously activated. To evaluate the binding time and the concentration of the CP10 during the construction of the sensors, the SPR technique was used. For these studies, different concentrations of CP10 (2.32, 4.64, 23.2, 46.4, 116, 233, 350, 467, and 934 nmol.L -1 ) dissolved in HBS-EP buffer solution at pH 7.4 were studied. Afterward, the QCM immunosensor was constructed using the conditions optimized by SPR.
After the bond of the CP10 on the SAM/Au was characterized, the unbound reactive NHS-ester groups were deactivated by a brief flow of 1.0 mol.L -1 of an EA aqueous solution for approximately 5 min to prevent non-specific binding. The excess of unbounded EA molecules was removed through several additions of water. After this, the SPR and QCM sensors were dried with pure N 2(g) flow.
Characterization and Kinetic Evaluation of the Interaction Between the CP10 and Anti-CP10 Antibodies
EIS was used for the characterization of the antigenantibody interaction. For these measurements, equimolar concentrations of Fe(CN) 6 4− /Fe(CN) 6 3− (1.0 mmol.L -1 ) in KCl 0.1 mol.L -1 were used as the redox probe to examine its reactivity on gold electrodes both unmodified (bare electrodes) and modified with 11-MUA (SAM/Au) and CP10/SAM/Au, and after the interaction of the antibody on the immunosensor (anti-CP10/CP10/SAM/Au).
The kinetics of the interaction between the CP10 and the anti-CP10 antibodies was evaluated by SPR and QCM immunosensors through the curves of association-dissociation obtained after the addition of different concentrations of antibodies (10.1, 20.2, 40.5; 81.0; and 162 nmol.L -1 ), dissolved in HBS-EP buffer solution at pH 7.4, on the SPR and QCM immunosensors. The results of these analyses were extracted to a software of kinetics modeling (TraceDrawer, version 1.5) and both the values of the association constants (ka) and the dissociation constants (kd) were estimated. Thus, through the values of the equilibrium dissociation constant, K D (kd/ka), found both by SPR and QCM, it was possible to quantitatively evaluate the binding affinity between CP10 and anti-CP10 antibodies (anti-L. infantum antibodies).
RESULTS
Recombinant Chimeric Protein (CP10)
Production
The expression of the protein encoded by the synthetic coding DNA was visualized by using polyacrylamide gel (12%), in which the soluble and insoluble fractions were added and then collected after induction with IPTG. It was observed that after staining with Coomassie, the insoluble fraction had a 21.4 kDa band, which is related to the CP10 (Fig. 1A) . Once observed that the chimeric protein remains in the insoluble portion of the bacterial culture, a new expression assay employing larger quantities of medium (500 ml) was carried out. This was necessary to obtain sufficient volume of insoluble fraction to proceed with the protein purification by affinity chromatography. Fig. (1B) shows that the purification process was efficiently carried out, without evidences of other components, e.g. non-specific proteins. Furthermore, by Western Blotting using anti-histidine antibody, it was possible to confirm that the band observed on a polyacrylamide gel refers to the CP10 (Fig. 1C). 
Validation of the CP10 in Immunoassays
Our study shows that the use of the multiepitope protein (CP10) has great potential in the CVL diagnosis. When comparing the three different CVL diagnostic tests: 1) DPP® (Dual-Path Platform); 2) EIE-LVC kit (immunosorbent assay) and, 3) ELISA with CP10, great differences were found. These tests were performed with sera from uninfected (n=9) and infected (n=43) dogs. While the sensitivities for the EIE-LVC and DPP® kits were 64.5% and 72.9% respectively, the one for ELISA was 88.8%. However, the specificity of the ELISA was lower (80%) when compared to the other Fig. (1) . A) Polyacrylamide gel (12%) stained with Coomassie. Soluble (S) and insoluble (IS) fractions of the bacterial culture evidencing the related band for the CP10 (21.4 kDa) . B) Polyacrylamide gel (12%) stained with Coomassie, I: pre-purification by affinity column; II-VI: fractions of the purification. C) Nitrocellulose membrane after Western blotting anti-histidine, VII: pre-purification by affinity column; VIII: fraction of the purification. MW: molecular weight in kDa. Validation was performed with 231 serum samples from dogs infected with L. infantum and 131 serum samples from uninfected dogs as the negative controls. Promising results were achieved with ELISA, which provided a global sensitivity of 80.2% and specificity of 65.6%. According to Swets [23] , these antigens (CP10) gave rise to tests with moderate accuracy (AUC=0.82).
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Using SPR and QCM for the Evaluation of the Immobilization of the Recombinant Chimeric Protein on the SAM
After the formation and conversion of the terminal carboxylic groups of the SAM in reactive NH-esters, the SPR technique was used to analyze in real time the immobilization of different concentrations of the CP10 (2.32 to 934 nmol.L -1 ) on the SAM. This step had the aim of both characterizing the immobilization of the antigen on the monolayer, and optimizing the concentration and the period of time necessary for the interaction of the protein on the film. (Fig. 2A) . This occurred because the binding of the CP10 on the SAM increased the local refractive index in the proximities of the metal-dielectric interface, which led to alterations in the conditions of resonance of the plasmons on the metallic surface. It is easy to visualize from Fig. (2A) that the equilibrium is reached in approximately 18 minutes, being this period of time sufficient to obtain an elevated coverage of the surface of CP10 on 11-MUA. The third and last step that was given evidence by Fig. (2A) consisted in successive additions of HBS-EP buffer solution at pH 7.4 for the removal of weakly adsorbed species on the SAM. Sharp declines on the θ SPR due to the decrease of the dielectric constant of the medium after the removal of the weakly linked species can be visualized. In this stage, the effective variation of the SPR angle (effective Δθ SPR ) is obtained, which possibly refers to the molecules of CP10 covalently bonded on the SAM. Evaluating the values obtained for the effective Δθ SPR ( Fig. 2A) , it is possible to visualize that the increase in the concentration of the CP10 from 2.32 to 467 nmol.L -1 was accompanied by higher responses. On the other hand, for concentrations of CP10 higher than 467 nmol.L -1 , smaller values of the effective Δθ SPR were observed. This can be attributed to the saturation of the surface reached after the addition of 467 nmol.L -1 of CP10, and therefore, this was the concentration of the protein used for the construction of the immunosensors. The optimized conditions in these studies were adopted for the construction of the QCM immunosensor. Fig. (2C) gives evidence to the response obtained in real time by QCM for the immobilization of the CP10 (467 nmol.L -1 ) on the SAM. In a similar way as the SPR curves, Fig. (2C) gives evidence to the stabilization of the baseline after the addition of HBS-EP buffer solution at pH 7.4 on the previously activated SAM, followed by the addition of CP10. According to what was observed, the addition of the protein on the film is characterized by the decrease in the oscillation frequency of the quartz crystal (f), giving evidence to the binding of the protein on the 11-MUA. Finally, successive washes with HBS-EP buffer solution at pH 7.4 were accompanied by the increase in f due to the removal of weakly bonded biomolecules. Therefore, the effective variation of the oscillation frequency of the crystal (effective Δ f) characterizes the species that are strongly bonded on the SAM (Fig. 2C) . According to the results obtained by SPR and QCM for the evaluation in real time of the immobilization of CP10 on the SAM, it was possible to say that the formation of a simple film on the surface of gold was efficient for the immobilization of the protein during the construction of the SPR and QCM sensors. Once the construction of these immunosensors was optimized, the following step consisted in determining the thickness (d) and the refractive index (n) of the film formed by the CP10/11-MUA on the gold surface. These parameters are important aspects to be considered before the kinetic evaluate by SPR and QCM techniques, since the sensitivity of these devices is influenced by the thickness and refractive index of films formed on the metallic surface [24] .
Simultaneously Determining the Thickness and the Refractive Index of the CP10 Immobilized on SAM/Au by SPR
In SPR devices that operate by the configuration of Kretschamm when the phenomenon of plasmon resonance occurs on a metallic surface, a minimal quantity of light reaches the detector (attenuated total internal reflection). This phenomenon is easily observed through the SPR reflectance curves (intensity of reflectance versus θ SPR ) [24] . These curves can be quantitatively described by solving Fresnel's equations for the reflectivity of a multilayered system with p-polarised light [25] . This gives the possibility for numerical simulation to determine properties, such as refractive index (n) and layer thickness (d) for ultrathin films (d < 50 nm) in SPR devices [25, 26] . The available methods in these systems can be applied in research for advanced coatings, functional materials, biologically active materials, basic biochemical research, and also for multilayered structures [27] .
In this work, a multiparametric surface plasmon resonance (MP-SPR) to simultaneously determine n and d of the CP10 (467 nmol.L -1 ) covalently immobilized on SAM was used. The method employed was based on the measurement in multiple wavelengths (670 and 785 nm). For this, reflectance curves in both wavelengths before (background of the SPR sensor before coating) and after the ex situ formation of the CP10/SAM on gold surface were measured (Fig. 3A) . These analyses were performed in a single media (HBS buffer solution at pH 7.4). The immobilization of CP10 on 11-MUA in both wavelengths was accompanied by a significant Δθ SPR characterizing the construction of the immunosensor (Fig. 3A) . Then, an optical fitting software (Winspall, version 3.02) to model the SPR peaks for the bare gold surface and CP10/SAM/Au in both wavelengths was used. Entering different n values, n -d continuum answers for both of the wavelengths were obtained (Fig. 3B) . The position of the curve in 670 nm was moved by changing nvalues with the equation:
where the dn/dλ value is used to correlate the n-values to the other wavelength (dn/dλ value was found from http://refractiveindex.info), and 115 is the difference between wavelengths (in this case 785nm -670nm). The values for the intersection point of the shifted and measured curves are the unique solutions for both the n (1.475 ± 0.0001) and d (6.80 ± 0.01) nm of the CP10/SAM/Au (Fig. 3B) . Fig. (3) . A) Reflectance curves measured in 785 nm (curves 1 and 2) and 670 nm (curves 3 and 4) for the unmodified surface (Au) and after the ex situ formation of the CP10/SAM on gold surface (CP10/SAM/Au). These measurements were performed in HBS-EP buffer solution at pH 7.4. B) n -d plot of the CP10/SAM/Au in both wavelengths presented in Fig. (3A) and the curve in 670 nm shifted (moved curve). The intersection is at d (6.80 ± 0.01) nm and (1.475 ± 0.0001).
In a similar way, the values of n and d were previously obtained after the ex situ formation of SAM on Au (SAM/Au). Considering that the integrity of the SAM did not alter after the immobilization of the protein, the approximate value of d for CP10 was 4.64 nm (± 0.01). These results evidenced the formation of an ultrathin film formed by the immobilization of the antigen on SAM/Au. Based on this, it was possible to safely evaluate in the following steps the interaction of the CP10 toward its specific IgGs (anti-CP10 antibodies).
Characterization of the Antigen-Antibody Interaction by Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) study gives information on the impedance change of the bare gold surface/solution or modified gold surface/solution interface. The impedance can be presented as the sum of the real Z′ (Ω) and imaginary Z″ (Ω) components that originate mainly from the resistance and capacitance of the cell. These diagrams are known as Nyquist (-Z" versus Z') [28] . For the EIS measurements, equimolar amounts of Fe(CN) 6 - in KCl 0.1 mol.L -1 were used as the redox probe to examine its reactivity on unmodified gold electrodes and modified with 11-MUA (SAM), CP10/SAM and with anti-CP10/CP10/SAM (Fig. 4) . The EIS data were simulated with a modified Randles equivalent circuit, as shown in the inset of Fig. (4) . This circuit includes the ohmic resistance of the electrolyte solution (R s ); the Warburg impedance (R W ); the charge-transfer resistance (R ct ); and a constant phase element (CPE), which was used instead of a pure capacitor to compensate for the non-ideal capacitive response of the interface. The two components of the electronic scheme, R s and R W , represent the bulk properties of the electrolyte solution and the diffusion features of the redox probe, respectively, in the solution. CPE and R ct are related to the dielectric and insulating features, respectively, at the electrode/electrolyte interface and are controlled by the surface modification of the electrode. The impedance spectrum (Fig. 4) includes a semicircle portion at higher frequencies, corresponding to the electron transfer limiting process, and a linear part at the low frequencies resulting from the diffusion limiting step of the electrochemical process. The diameter of the semicircle in the Nyquist plots represents the R ct (charge-transfer resistance) of the layer, and this diameter can be used to describe the properties of the interface of the modified electrode [28] . The bare gold electrode exhibited an almost straight line with a small semicircle at high frequencies, indicating a diffusion-limited electron transfer process (R ct = 4.30x10 -4 MΩ) (maximized curve, Fig. 4) . After the adsorption of the 11-MUA on the gold surface (SAM/Au) and immobilization of the CP10 on SAM/Au (CP10/SAM/Au), the value of R ct increased to 0.732 MΩ and 1.26 MΩ respectively. It is possible that the formation of layers with insulating properties on the gold surface blocks partially the redox species, and thus, it was difficult for the probe to approach on the electrode surface. These results indicated the successful formation of the proposed immunosensors. After the interaction of the anti-CP10 antibody on CP10/SAM/Au (Fig. 4) , the R ct increased to 5.03 MΩ, suggesting the antigen-antibody interaction.
Using SPR and QCM to Evaluate the Binding Affinity Between the Anti-CP10 Antibodies and the CP10 Immobilized on SAM/Au
After the construction of the optical and piezoelectric immunosensors, the evaluation of the antigen-antibody interaction was carried out by the addition of anti-CP10 antibodies on these immunosensors (CP10/SAM/Au). Fig. (5) gives evidence to the association and dissociation phases for the biomolecules, obtained by SPR (Fig. 5A) and QCM (Fig.  5B) techniques. Both for the SPR and for the QCM, the analyses were performed in three consecutive steps: (1) HBS-EP buffer solution at pH 7.4 was added, and after the baseline was stable, the response (Δθ SPR or Δθf) was monitored during about 50 seconds; (2) different concentrations of anti-CP10 antibodies (10.1 to 162 nmol.L -1 ) dissolved in HBS-EP buffer solution at pH 7.4 were added during approximately 6-7 minutes. This step constituted the association phase (binding between the antigen and the antibody); (3) successive washes with HBS-EP buffer solution at pH 7.4 were performed to remove unbounded molecules on the surface of the immunosensor (dissociation phase). After these steps, it was possible to obtain by SPR and QCM the effective variation of the responses obtained by the binding between the anti-CP10 antibody and the CP10 immobilized on SAM/Au.
Analyzing the SPR curves (Fig. 5A) , it was possible to observe that the angle of the SPR incident light (θ SPR ) increased in proportion with the concentration of the antibody. This occurred because the interaction between the antigen and the antibody increased the dielectric constant of the environment. A calibration curve was plotted using the logarithm of the effective Δθ SPR in function of the logarithm of the antibody concentrations (inset of Fig. 5A) . This plot exhibited a linear behaviour when considering the concentrations from 10.1 to 162 nmol.L -1 with a detection limit of 4.23 nmol.L -1 . By QCM, it was possible to observe that the oscillation frequency of the piezoelectric crystal decreases in proportion with the increase of the concentration of the antibody due to the variation of mass caused by the interaction of the antibody with the CP10/SAM/Au (Fig. 5B) . A calibration curve also was plotted using the logarithm of the negative of the effective Δθf in function of the logarithm of the antibody concentration from 20.2 to 162 nmol.L -1 (inset of Fig. 5B ) with a detection limit of 4.61 nmol.L -1 .
Previous studies had revealed that the binding constants obtained from the SPR and QCM biosensors were not affected by the immobilization of the ligand and a molecule immobilized on the surface could interact like it would in solution [29] . Thus, the two groups of curves in Fig. (5) were evaluated, and fitted globally using an evaluation software (Trace Drawer, version 1.5) with a 1:1 Langmuir interaction model and the evaluating results are shown in Table 1 . The evaluation both by SPR and QCM presented a x 2 < 8, indicating that the simulated and experimental results agreed well. These results with a 1:1 interaction model suggest an immunodominant binding site present in the antigen (CP10). Furthermore, the kinetic parameters were obtained by the SPR and QCM techniques ( Table 1 2.99 *The deviations found for these measurements were not significant (< 5 %).
affinity of the CP10 toward the specific IgGs, quantitatively proving the strong immunogenic character of this protein [30] .
CONCLUSION
In the present study, SPR and QCM techniques were successfully performed to kinetically evaluate the binding affinity of a new recombinant chimeric protein toward antiLeishmania infantum antibodies for the immunodiagnostics of the visceral leishmaniasis. Measurements of SPR in multiple wavelengths (670 and 785 nm) were obtained so as to simultaneously determine the refractive index (1.475) and the thickness (6.80 nm) of the protein (CP10) covalently immobilized on the SAM. By EIS, it was observed that the formation of layers with insulating properties on the gold surface blocks partially the redox species, and thus, the highest value of the R ct (5. 
